**Core tip:** It seems that liver regeneration after associating liver partition with portal vein ligation for staged hepatectomy (ALPPS) is a combination of portal flow changes and parenchymal transection that generate a systematic response inducing hepatocyte proliferation and remodeling. Further research on the field should focus on the role of non-parenchymal cells as well as on the effect of ALPPS in liver regeneration in the setup of parenchymal liver disease.

INTRODUCTION
============

Hepatectomy still stands of the first-line treatment modality for malignant liver tumors (primary and metastatic). Postoperative liver failure, though, still consists of the main mortality cause after extended hepatectomy despite the recent advances in surgical techniques due to insufficient future liver remnant (FLR)\[[@B1]-[@B6]\].

It is generally agreed that FLR must be around 25% of the liver volume to achieve normal liver function in patients with a healthy liver\[[@B1]-[@B5]\]. This leaves only 10% to 20% of patients with primary or metastatic liver disease suitable for surgery at presentation. In patients with drug-induced (chemotherapy) injury or cirrhosis, an FLR of at least 40% is required. In resectable cases, extended hepatectomy offers clear resection margins, that in turn, stands for the major determining factor for long-term survival\[[@B1],[@B7],[@B8]\].

Liver parenchyma is thought to demonstrate unique regenerative capacity but actual mechanisms of the regeneration still remain unclear. More than one strategies have been proposed to induce parenchymal hypertrophy including portal vein embolization (PVE) or ligation (PVL), but the failure rates reach 40% due to tumor progression during the hypertrophic stimulus period (4-8 wk). The regenerative potential associated with these techniques is different from conventional hepatectomy without clear superiority among these techniques (associating PVE or PVL) in terms of hypertrophy of the FLR\[[@B9]\].

Associating liver partition and portal vein ligation for stage hepatectomy (ALPPS) is thought to induce rapid FLR hypertrophy, that in turn, decreases the time for the second stage hepatectomy\[[@B10],[@B11]\]. The introduction of ALPPS in the armamentarium of liver surgeons is, without any doubt, an innovation in liver surgery. It is the last surgical successor of Pychlmayr's work\[[@B12]\], who first introduced in situ split in liver transplantations. Schnitzbauer et al\[[@B10]\] first described ALPPS, demonstrating an FLR increase of 74% in a short time frame. Unfortunately, the postoperative complication rates\[[@B10],[@B13],[@B14]\] are estimated around 33% to 64% compared with 16% after PVE\[[@B15]\] and much higher that 2-stage hepatectomy\[[@B16],[@B17]\].

ALPPS is getting more familiar in surgical community due to its high variation of indications and modifications\[[@B18]-[@B20]\], it still needs further meticulous evaluation before its broader clinical application\[[@B21]\], especially as far as the underlying mechanisms behind the ALPPS-induced accelerated liver regeneration is concerned.

We aim to highlight the potential mechanisms of regeneration in the ALPPS models (clinical and experimental) that could shed some light to the uncharted regenerative capacity of liver parenchyma after ALPPS.

MATERIALS AND METHODS
=====================

The MEDLINE/PubMed database was searched for publications with the medical subject heading "ALPPS" and keywords "liver regeneration", "PVL", and "PVE". Three independent reviewers (D.M, S.V and A.P) performed the literature search, the study selection and the data extraction. All the references from the identified articles were searched for relevant information. The end date of the literature search was set to April 2016. We focused on articles of any design or scientific method and purpose.

RESULTS
=======

Basic principles of liver regeneration
--------------------------------------

The unique capacity of liver regeneration was described by ancient Greeks who first described the liver regeneration concept in the myth of Prometheus. Having stolen the secret of fire from the gods of Olympus, Prometheus drew down on himself the anger of Zeus, the ruler of gods and men. Zeus punished Prometheus by chaining him to Mount Caucasus where he was tormented by an eagle. The eagle preyed on Prometheus' liver, which was renewed as fast as it was devoured. An experimental model came to confirm the myth, as rodents undergone two-thirds partial hepatectomy (PHx) demonstrated rapid liver enlargement till the restoration of original liver mass, after which the regenerative process seizes\[[@B22]\].

It seems that hypertrophy is based on the proliferation of mature functioning cells in FLR\[[@B22]-[@B25]\] and it does not require the recruitment of liver progenitor cells\[[@B22]-[@B25]\]. More specifically, adult hepatocytes despite the fact they normally do not undergo cell division, they can proliferate in response to injury\[[@B22]\]. In other words, hepatocytes stay in G0 phase of the cell cycle\[[@B23],[@B25]\] but when a stimulus such as hepatectomy or liver injury occurs, almost all (95%) hepatic cells re-enter the cell cycle inducing DNA synthesis (S phase-12h to 24h). DNA synthesis takes later place in the non-parenchymal cells (NPCs)\[[@B22],[@B23],[@B25]\]. Complete restoration of human liver mass requires less than 2 cycles of replication in all cells\[[@B22]\]. Of interest, the peak in DNA synthesis in rodents occurs later (36 h after PHx)\[[@B22]\]. DNA synthesis begins from periportal area towards the central vein. Most of the increase in liver mass occurs during the first 3 d after PHx and parenchymal restoration is complete in 5-7 d\[[@B26]\].

Role of growth factors in liver regeneration
--------------------------------------------

Hepatocyte proliferation is also induced by potential growth factors as hepatic growth factor (HGF), tumor growth factor-alpha (TGF-α) and the anti-proliferative factor TGF-β\[[@B27]\]. However, it is not well-established if any of these factors play a vital role in liver regeneration itself. HGF induces DNA synthesis in hepatocytes but also alters its morphology. It demonstrates pleiotropic effects on various signaling or downstream pathways, including phosphatidylinositol 3-kinase (PI3K), extracellular signal-regulated kinases (ERK), S6 kinase and AKT\[[@B28]\]. In *in vitro* setting it was found that the effect of HGF is mediated *via* up-regulation of TGF-α\[[@B29]\].

Vascular-endothelial growth factor (VEGF) counteracts with liver sinusoids that leads to an increase in HGF production by NPCs. This effect is dependent on endothelial cells with unknown mechanism\[[@B30]\].

Involvement of transcription factors in hepatocyte proliferation
----------------------------------------------------------------

Transcription factors including nuclear factor (NF)-κB, signal transducer and activator of transcription (STAT)-3 and AP1\[[@B24]\] are activated in FLR immediately after PHx\[[@B22],[@B31]\] and intracellular-signalling pathways that involve mitogen-activated protein kinase (MAPK) such as pERKs, Jun amino-terminal kinase (JNK) and receptor tyrosine kinases, are also rapidly activated\[[@B23],[@B32]-[@B34]\].

Cytokine effects on liver regeneration
--------------------------------------

NF-κB and STAT-3 transcription factors are activated by cytokines after PHx that led to the consumption that cytokines might regulate the regenerative response\[[@B22],[@B31]\]. Experimental mouse studies demonstrated that after PHx, normal liver regeneration requires IL-6\[[@B35],[@B36]\]. IL-6, though, it was not enough to generate this process, as parenchymal regeneration is only delayed in the absence of IL-6\[[@B35]\].

At the same time, IL-6 is involved in several processes, including hepatoprotection, the acute-phase response and mitogenesis. Binding of IL-6 to its receptor IL-6R, stimulates the tyrosine-kinase activity of the associated Janus-kinase-family (JAK) member\[[@B37]\]. Activated JAK then phosphorylates STAT-3\[[@B37]\]. After PHx, liver regeneration is impaired in IL-6^-/-^ mouse livers with pathognomonic signs that of liver necrosis, reduced hepatocyte-DNA synthesis and discrete G1-phase abnormalities, including decreased STAT-3 activation\[[@B35]\]. The defect is limited to hepatocytes as the DNA-synthesis response seems normal in IL-6^-/-^ NPCs\[[@B35]\].

Similarly, using TNF-receptor-1 (TNF-R1)^-/-^ mice\[[@B38]\], it was found that TNF-α is also compulsory for normal proliferation after PHx *via* the induction of IL-6. The absence of TNF-α, though, does not affect liver regeneration\[[@B39]\]. Kupffer cells seem to produce most of the IL-6 in the liver\[[@B40]\] and TNF-α induces IL-6 production by enhancing NF-κB, which in turn induced the expression of IL-6.

Figure [1](#F1){ref-type="fig"} illustrates all proposed mechanisms of liver regeneration after injury.
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Effect of Portal Flow on liver regeneration
-------------------------------------------

As we have already analyzed, after injury, cytokine, growth factors and hormonal expression, induce the beginning and the termination of regeneration\[[@B25],[@B41],[@B42]\]. Parenchymal hypertrophy is also mediated by hemodynamic changes\[[@B43]-[@B45]\] and particularly by alterations in portal flow\[[@B46]\]. Portal vein obstruction by PVE or PVL redirects portal vein flow toward specific hepatic segments and is able to pre-operatively increase the volume of FLR. The increase in portal flow to the FLR after PVL or PVE stimulates liver regeneration.

Wilms et al\[[@B47]\] found that recanalization of segmental portal neo-collaterals with occluded portal flow after PVE and PVL are one of the reasons for failure of adequate hypertrophy after technically successful PVE\[[@B44],[@B48]-[@B50]\]. Similarly, van Lienden et al\[[@B51]\] investigated intrahepatic vascular changes in patients undergoing PVL and PVE in correlation with hypertrophy and function of the left liver lobe. All patients in PVL group developed intrahepatic portoportal collaterals through which the ligated portal branches are reperfused within 3 wk and one patient (7.1%) in the PVE group\[[@B51]\]. The median increase of FRL volume after PVE was 41.6 % (range: 10%-305%), and after PVL was only 8.1% (range 0%-102%) (*P =* 0.179). There were no differences in FRL function between both groups\[[@B51]\]. The absence of collaterals and recanalization may explain the greater hypertrophy found in ALPPS, an issue with very high clinical impact\[[@B48]-[@B50]\].

ALPPS succeeds in preventing neo-collateral formation across the ligated and non-ligated liver lobes with additional hepatic parenchyma transaction step. Parenchymal transection in stage I ALPPS also creates a traumatic stimulus, which may also contribute to the hypertrophy\[[@B49]\]. PVL/PVE alone often fail to generate adequate hypertrophy because of distal porto-portal collateral formation\[[@B52]\] and proximal portal vein occlusion causes portal cavernoma and recirculation of blood from the non-occluded liver to the occluded one\[[@B53]\]. Dhar et al\[[@B54]\] demonstrated portal pressure increase in the ALPPS group compared with the ligation group, that in turn enhances shear stress and provokes early regeneration in the ALPPS group. Shindoh et al\[[@B55]\] demonstrated a variant of PVE involving the segment IV that achieves similar to ALPPS parenchymal regeneration. PVE though is superior in terms of FLR regeneration compared with liver resection alone\[[@B56]\].

Proliferation of hepatocytes after ALPPS
----------------------------------------

The Ki-67 protein is a well-established cellular marker for proliferation that is present in active cells, but is absent in resting cells (G0)\[[@B57]\]. In ALPPS setting (experimental and clinical), the increase of Ki-67 expression after the procedure is a common finding.

In experimental setting, Schlegel et al\[[@B42]\] found a rapid liver parenchymal increase (100% in the first 24h) after stage I ALPPS that was combined with a significantly higher Ki-67 expression compared with simple transection, PVL and PHx group\[[@B42]\]. These results indicate that increased number of hepatocytes enter the cell cycle after ALPPS than any other intervention\[[@B42]\].

Furthermore, Dhar et al\[[@B54]\] demonstrated a significant FLR increase combined with increased periportal hepatocyte proliferation (Ki-67 index) in the ALPPS group compared with the PVL group at 24 h (*P =* 0.002) and 48 h (*P =* 0.031)\[[@B54]\].

In the same frame, Wei et al\[[@B58]\] evaluated the proliferation (1:50 monoclonal anti-BrdU antibody) of hepatocytes after ALPPS compared with non-ALPPS group (PVL, simple transection, PHx). The 2-fold increase of liver lobe weight was combined with an increased proliferation index (15.4% ± 0.9%) in ALPPS group compared to control (8.6% ± 2.9%, *P =* 0.009)\[[@B58]\].

García-Pérez et al\[[@B59]\] demonstrated in an experimental model of ALPPS that mitotic figures detected at 48 h were more prominent in ALPPS FLR compared with PVL (*P \<* 0.0001). As far as proliferation potential is concerned, higher expression of Ki-67 was related with in the ALPPS group at 48 h (*P \<* 0.001 compared with PVL group)\[[@B59]\]. Finally, Shi et al\[[@B60]\] demonstrated in an experimental model that ALPPS was correlated with increased liver regeneration (liver weight to body weight ratio) and increased hepatocyte proliferation assessed by Ki-67 and proliferating cell nuclear antigen (PCNA) activity compared with PHx and PVL group.

In pediatric liver with hepatoblastoma, a rapid increase of FLR (46.1%) after stage I ALPPS was noted with concomitant increased expression of Ki-67 in the left liver (proliferation index of right liver and left lateral segment-LLS to be 2% and 20% respectively)\[[@B61]\].

The proliferation after PVL can also affect tumor cells in the affected hemiliver. Kokudo et al\[[@B62]\] found increased Ki-67 expression of intrahepatic metastases in the embolized liver after PVE. This finding is similar in ALPPS despite a shorter interval between PVL and parenchymal resection. In small series, an increase in Ki-67 expression from 60% at stage I ALPPS to 80% at stage II was noted\[[@B49],[@B63]\].

More specifically, Tanaka et al\[[@B49]\] evaluated the proliferation of tumor cells after step I ALPPS in patients with unresectable multiple liver metastases from colorectal cancer (CLM) and pancreatic neuroendocrine tumor. Control group for the comparison was chosen a group of patients with CLM initially considered unresectable with classical 2-stage hepatectomy. They demonstrated an increase of FLR in ALPPS group of 40%-50% which was less than the one observed in the classical 2-stage hepatectomy group (*P \<* 0.01)\[[@B49]\], probably due to relatively large volume of liver parenchyma heavily pretreated by chemotherapy in ALPPS group, resulting in less capacity for regeneration. Additionally, Ki67 expression in tumor cells was lower in ALPPS group compared to classical 2-stage group (*P =* 0.09)\[[@B49]\]. This finding may support a potential oncologic benefit from ALPPS, with the short period between the 2 interventions helping to avoid risk of tumor progression.

Similarly, Matsuo et al\[[@B64]\] evaluated the proliferation potential in liver parenchyma after ALPPS or 2-stage hepatectomy in patients with colonic liver metastases. They used for this purpose a monoclonal antibody against the Ki-67 antigen (MIB-1, 1:100). The mean increase of FLR after stage I ALPPS was 50% with concomitant increased MIB-1 labeling (expressed in 7.8% ± 4.9% of hepatocytes in the ALPPS group, compared to PVE group, 0.9% ± 0.7%, *P =* 0.01)\[[@B64]\].

Expression of cell cycle regulators after ALPPS
-----------------------------------------------

In ALPPS setting, both TNF-α and HGF can activate JNK and MAPK-ERK pathways and they can also induce the expression of cyclin D1\[[@B65]\]. In the regenerating liver, activation of cyclin D1 induces the progression of cell cycle through G1 and entry into S phase\[[@B66]\]. Cyclin-D1 expression is induced by IL-6 whereas the expression of the S-phase cyclins A and B1 is induced by insulin-like-growth-factor binding protein\[[@B22]\].

Shi et al\[[@B60]\] evaluated the effect of the different procedures (ALPPS, PVL and transection) on cell cycle regulators in experimental setting. Data extracted from immunochemical staining indicated that ALPPS stimulated cyclin D1 and cyclin E expression more significantly compared with other procedures and the maximum induction occurred on day 3 and day 2, respectively (*P \<* 0.01 and 0.001 respectively)\[[@B60]\]. G1 Cdks as catalytic partner of cyclin E and cyclin D1 to facilitate cells entering S phase. They were also induced at 24 h after ALPPS, with a maximum induction on day 3 compared with sham group\[[@B60]\]. Cdk2-associated kinase activity was also increased during liver regeneration after ALPPS\[[@B60]\]. Collectively, these results demonstrated not only temporal increases in the cyclin E/Cdk2 complex, but also concomitant increases in Cdk2 kinase activity during hepatocyte proliferation after ALPPS.

Cytokine release and inflammation after ALPPS
---------------------------------------------

In the experimental setting, Schlegel et al\[[@B42]\] demonstrated that ALPPS-plasma injection after PVL triggers comparable regeneration in terms of liver weight gain and regeneration, as original ALPPS which was not the case when plasma obtained from group of sham laparotomy did not present any additional regeneration when injected in PVL-treated livers. On the basis of these experiments, it seems that the rapid liver volume increase after ALPPS is triggered by systemic release of putative initiators. After meticulous analysis of the ALPPS plasma in PVL-treated mice, an early increase of plasma IL-6 levels compared to PVL alone was found\[[@B42]\]. Of interest though, transection alone induced similarly increased IL-6-expression at this early time point\[[@B42]\]. Genomic evaluation revealed significant up-regulation of IL-6-mRNA and TNF-α-mRNA 1 h after step I of ALPPS or transection. These findings were confirmed in clinical setting, where increased gene expression of IL-6 and TNF-α was found in liver tissue and plasma 1 hour after step I ALPPS or PVL alone\[[@B42]\]. All in all, the contribution of the IL-6-TNF-α-STAT3-pathway to the rapid liver hypertrophy after step I ALPPS is suggested in both clinical and experimental setting. Moreover, no changes in CD31 and VEGF expression was found in regenerating lobe during the ﬁrst week after ALPPS or PVL\[[@B42]\].

In the same setting, Dhar et al\[[@B54]\] demonstrated that the cytokine-induced neutrophil chemoattractant -1 (CINC-1) had its highest levels in liver tissue with main difference in expression between the ALPPS and PVL group was in IL-6 expression at 24 h\[[@B54]\]. Finally, ALPPS group demonstrated increased VEGF and interferon gamma expression at 48 h\[[@B54]\]. In terms of inflammatory cells, ALPPS group demonstrated higher early infiltration of liver by inflammatory cells compared with PVL (*P =* 0.021)\[[@B54]\].

Shi et al\[[@B60]\] also investigated gene and cytokine involvement in liver regeneration after ALPPS. Results indicated that the levels of IL-6, NF-κB p65, STAT3, TNF-α, EGF, HGF, ERK-1/2 and YAP were significantly increased in the ALPPS group compared with the other groups (PVL and transection alone), suggesting that these factors might play important roles in the fast liver regeneration after ALPPS\[[@B60]\]. As expected, the mRNA levels of these cytokines were also highly increased in the regenerating lobes 24 h, 3 d and 5 d after ALPPS\[[@B60]\].

García-Pérez et al\[[@B59]\] showed in an experimental model of ALPPS that HGF expression in FLR after PVL was increased compared with ALPPS at 24 h (*P \<* 0.05)\[[@B59]\]. At 48h, ALPPS was associated with higher expression of HGF and TGF-α (*P \<* 0.05) with similar relative expression of TGF-β in both groups\[[@B59]\]. Later, the HGF and TGF-β levels were still higher on ALPPS group (*P \<* 0.005 and *P \<* 0.05 respectively)\[[@B59]\]. Interestingly, hepatic transection caused an increase in the number of Kupffer cells in ALPPS group at 24 h (*P \<* 0.01)\[[@B59]\].

Table [1](#T1){ref-type="table"} summarizes the data of the experimental models of ALPPS. Table [2](#T2){ref-type="table"} summarizes the mechanistic effect of each modality (PVE, PVL, simple transection and ALPPS) in liver regeneration. Figures [2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"} illustrate the potential mechanisms of liver regeneration after ALPPS as well as the cascade of events leading to liver volume restoration.

###### 

Experimental associating liver partition with portal vein ligation for staged hepatectomy models

  Ref.                            Year   Species   PVL   PHx in stage I   PHx in stage II   Loss of liver mass                Atrophy of ligated lobe on day 7   Future remnant liver lobe   Fold increase on day 7   Proliferation
  ------------------------------- ------ --------- ----- ---------------- ----------------- --------------------------------- ---------------------------------- --------------------------- ------------------------ -----------------
  Schlegel et al\[[@B42]\]        2014   Mouse     RML   LLL (30%)        Ligated lobes     85% totally (55% PVL + 30% PHx)   NA                                 LML (15%)                   4-fold                   Peaked on day 4
  RL                                                                                                                                                                                                                  
  CL                                                                                                                                                                                                                  
  Yao et al\[[@B70]\]             2014   Rat       LLL   NA               NA                80% PVL                           NA                                 RML (20%)                   2.5-fold                 Peaked on day 2
  LML                                                                                                                                                                                                                 
  RL                                                                                                                                                                                                                  
  CL                                                                                                                                                                                                                  
  Almau Trenard et al\[[@B71]\]   2014   Rat       LLL   NA               NA                80% PVL                           Reduction to 35.2%                 RML (20%)                   2-fold                   NA
  LML                                                                                                                                                                                                                 
  RL                                                                                                                                                                                                                  
  CL                                                                                                                                                                                                                  
  Dhar et al\[[@B54]\]            2015   Rat       LLL   NA               NA                80% PVL                           NA                                 RML (20%)                   2-fold                   Peaked on day 2
  LML                                                                                                                                                                                                                 
  RL                                                                                                                                                                                                                  
  CL                                                                                                                                                                                                                  
  Wei et al\[[@B58]\]             2015   Rat       LLL   CL (10%)         Ligated lobes     80% totally (70% PVL + 10% PHx)   Reduction to 48.2%                 RML (20%)                   2.53-fold                Peaked on day 1
  LML                                                                                                                                                                                                                 
  RL                                                                                                                                                                                                                  
  García-Pérez et al\[[@B59]\]    2015   Rat       RSL   RML (20%)        Ligated lobes     80% totally (60% PVL + 20% PHx)   N/A                                LML (22%)                   2-fold                   Peaked on day 2
  RIL                                                                                                                                                                                                                 
  LLL                                                                                                                                                                                                                 
  RML                                                                                                                                                                                                                 
  Shi et al\[[@B60]\]             2015   Rat       RML   LLL (30%)        Ligated lobes     80% totally (50% PVL + 30% PHx)   Reduction to 34.9%                 LML (20%)                   2.3 fold                 Peaked on day 2
  RL                                                                                                                                                                                                                  
  CL                                                                                                                                                                                                                  

ALPPS: Associating liver partition with portal vein ligation for staged hepatectomy; CL: Caudate lobe; LLL: Left lateral lobe; LML: Left median lobe; PHx: Partial hepatectomy; PVL: Portal vein ligation; RL: Right lobe; RSL: Right superior; RIL: Right inferior; RML: Right portion of the middle lobes.

###### 

Comparison of the effect of different techniques on liver regeneration

  Intervention              Cytokine release   Growth factor expression   DNA synthesis   Portal vein flow decrease   Hepatocyte hypertrophy induction   Increased NPC activity   Atrophy of the affected lobe   Ref.
  ------------------------- ------------------ -------------------------- --------------- --------------------------- ---------------------------------- ------------------------ ------------------------------ --------------------------------
  PVL                       ++                 ++                         ++              ++                          ++                                 ++                       ++                             \[42,54,58-60,70,71\]
  PVE                       \+                 \+                         \+              \+                          \+                                 ++                       \+                             \[42,54, 58-60,70,71\]
  Parenchymal Transection   +++                \+                         \+              0                           \+                                 \+                       \+                             \[42,47-49,54,58-61,64,70-72\]
  ALPPS                     +++                +++                        +++             +++                         +++                                \+                       +++                            \[42,47-49,54,58-61,64,70-72\]

![Mechanisms of liver regeneration after associating liver partition with portal vein ligation for staged hepatectomy. Green arrow indicates strong induction, orange arrow indicates secondary induction. IL-6: Interleukin-6; TGF-α: Tumor growth factor-alpha; STAT-3: Signal transducer and activator of transcription; CINC-1: Cytokine-induced neutrophil chemoattractant-1; ALPPS: Associating liver partition with portal vein ligation for staged hepatectomy.](WJG-22-7613-g002){#F2}

![Cascade of mechanisms involved in liver regeneration after associating liver partition with portal vein ligation for staged hepatectomy. STAT-3: Signal transducer and activator of transcription; NPCs: Non-parenchymal cells; IL-6: Interleukin-6.](WJG-22-7613-g003){#F3}

Histological changes after ALPPS
--------------------------------

Matsuo et al\[[@B64]\] evaluated the special histologic characteristics of hepatocytes after ALPPS compared with liver tissue retrieved from patients undergoing PVE or staged hepatectomy PVE after chemotherapy. In the area of the FLR, glycogen-rich, vacant-cytoplasm bright-appearing hepatocytes were more frequent in ALPPS than in PVE. Both hepatocyte brightness and sinusoidal narrowing were observed more frequently in ALPPS than in PVE (*P =* 0.025)\[[@B64]\]. Hepatocyte cell density was greater and hepatocyte size was smaller in the ALPPS group than in the PVE group (*P \<* 0.01)\[[@B64]\]. In the ligated liver part, hepatocyte atrophy, degeneration or necrosis, sinusoidal dilation, fibrosis and congestion all were more frequent with ALPPS than with PVE (*P =* 0.001, *P =* 0.001, *P =* 0.002, *P \<* 0.001, and *P \<* 0.001, respectively)\[[@B64]\]. Cytoplasmic organelles such as mitochondria and endoplasmic reticulum were fewer than in the PVE group\[[@B64]\]. All these findings are indicative of cell immaturity in ALPPS setting.

In an experimental model of ALPPS, García-Pérez et al\[[@B59]\] demonstrated that the main histological features on the atrophic lobes were periportal congestion, sinusoid dilation and areas of necrotic or apoptotic hepatocytes.

DISCUSSION
==========

The ALPPS technique has taken its place in liver surgery as alternative in those cases in which the FLR volume is inadequate for normal liver after parenchymal resection and shortens the gap between the first and second step avoiding the risk of tumor progression. This rising interest in ALPPS has, and will further, evaluate the efficacy of technical innovations to address the initial concern about high complication rates and long-term survival\[[@B67]\].

This analysis shed light to the potential mechanisms involved to liver regeneration after ALPPS by presenting well-established knowledge on liver regeneration per se and emerging knowledge on liver regeneration induction after ALPPS, PVL, PVE and simple parenchymal transection.

In a meta-analysis of portal vein obstruction as a stimulus to induce liver hypertophy, PVE with various methods of embolization induced a mean volumetric increment by 8%-27% over a period of 2-6 wk\[[@B15]\] and PVL achieved a FLR volumetric increment by 38%-53% over a period of 4-8 wk\[[@B68]\]. These differences in liver regeneration indicate the crucial role of portal vein occlusion in inducing the regeneration process. On the contrary, ALPPS procedure achieves a variable increase in the FLR ranging from 21%-200%. This could be partially attributable to the presence of underlying parenchymal liver diseases (cirrhosis and chronic liver diseases).

At the same time, besides enhancing extended liver hypertrophy, ALPPS procedure increases liver atrophy compared with PVL without transection. This could be mainly attributed to the inadequate portal blood supply that causes significant atrophy that stands for greater liver mass and volume loss, which stands of an important regenerative trigger\[[@B69]\].

Novel knowledge about the mechanisms of liver regeneration after ALPPS were established by many variants of ALPPS model. Seven different experiments of ALPPS were reported in the literature\[[@B9],[@B42],[@B70],[@B71]\]. These models included the transection of the median lobe, but differed on the extent of the FLR, PVL the additional PHx. The mouse model of Schlegel et al\[[@B42]\] demonstrated a 55% PVL and a 30% PHx in the first stage ALPPS. The rat models\[[@B54],[@B58]-[@B60],[@B70],[@B71]\] consisted of an 80% PVL *via* ligation of all but the right median lobe. Mouse model demonstrated a regenerative potential on the first postoperative day and reached the peak on postoperative day 4\[[@B22]\]. Yao et al\[[@B70]\], García-Pérez et al\[[@B59]\] and Dhar et al\[[@B54]\] observed a proliferation peak on day 2, which is usually observed after classic PVL. Despite the fact that liver mass reduction is similar to all models, Wei et al\[[@B58]\] demonstrated a peak of proliferation on first postoperative day, as observed after the classic 70% PHx. Subsequently, the increase in FLR in that study was slightly higher than other rat models. The differences in proliferative kinetics suggest that even small differences in the ratio between the extent of PVL and PHx may produce a substantial effect on the time course of intrahepatic size regulation. The main disadvantage of these models is that they evaluated liver regeneration after injury in healthy tissues, which is not representative to clinical practice. Future research should focus on liver regeneration after ALPPS in models of liver disease.

At the same time, several clinical settings evaluating the regenerative potential after ALPPS in patients with primary or secondary (colonic) metastatic disease\[[@B48],[@B49],[@B61],[@B64],[@B72]\]. The design of these studies included a group of patients with metastatic liver disease and a group of patients with unresectable tumors that underwent 2-stage hepatectomy. The common finding of these studies was that the ALPPS group demonstrated a higher hepatocyte proliferation potential (assessed by Ki-67).

As far as the mechanistics of liver regeneration after ALPPS is concerned, Schlegel et al\[[@B42]\] showed that parenchymal transection induces an inﬂammatory response in terms of growth factor and cytokines release contributing to regeneration. The response, though, is not organ-specific, induced by soluble initiators in the circulation. The observation of accelerated regeneration, when injecting plasma obtained from mice after step I ALPPS to animals undergoing PVL alone, strongly supports the existence of soluble growth factors. The similar effects on regeneration achieved by injuries to other organs further point out to existence of soluble mediators of liver regeneration, additionally suggesting that the origin of the circulating growth factors is not "liver-speciﬁc."

The detection of similar enhanced release of proinﬂammatory cytokines in samples obtained in ALPPS and PVL\[[@B42]\] patients is indicative of the crucial role of portal vein flow changes in inducing the regeneration process, especially early postoperatively. After the initial stage of injury due to portal vein flow changes, ALPPS group demonstrated dramatic increase of instigators of regeneration (IL-6 and TNF-α) compared with PVL alone but similar to transection alone\[[@B42]\]. Surgical procedures of similar invasiveness (split liver in liver transplantation or living liver donation) were shown to induce comparable systemic inﬂammation and cytokine release as in the liver tissue early after step 1 of ALPPS\[[@B24],[@B73],[@B74]\]. This finding is indicative that ALPPS due to its dual nature (PVL+ transection) manages to keep high levels of expression of cytokines and growth factors that could explain the rapid liver regeneration potential of this technique. Liver transection with the PVL can induced programmed cell death followed by cytokine surge that facilitates accelerated liver regeneration.

Hepatocytes are the crucial player in liver regeneration after ALPPS since liver injury initiates high expression of cytokines, growth factors and cell cycle promoters, such as cyclins that lead quiescent hepatocytes to enter G1 and S phase of cell cycle and eventually proliferate (assessed by Ki-67 expression). This concept is similar to liver regeneration after injury of any kind. The leading pathway of the cascade above is IL-6- TNF-α-STAT-3 pathway. One interesting finding though is that after ALPPS, the majority of the hepatocytes that contribute to the regeneration are immature cells (narrowing of sinusoidal spaces, organelle distribution pattern) compared to the mature cells (numerous lipofuscin granules) that are involved in regeneration process after PVE\[[@B64],[@B75]\]. Proliferation of hepatocytes begins from periportal area and is directed towards central vein area.

Among the wide range of cytokines examined in the literature, Dhar et al\[[@B54]\] suggested that CINC-1 had the strongest and early significant expression in the ALPPS liver when compared with the PVL liver, supporting a crucial role of CINC-1 in the ALPPS associated regeneration. Interestingly, Kaibori et al\[[@B76]\] noticed that CINC-1 induced by HGF produced enhanced proliferative and angiogenic activities through NFkB activation in the liver. The increased IL-6 level concords with the majority of animal models of ALPPS, where a significant increase in plasma IL-6 in the ALPPS group compared with the PVL group is demonstrated. Early activation of IL-6/STAT3 pathway in macrophages facilitates the generation of chemokines such as MIP-a and the migration of bone marrow derived MSCs to the liver during the restitution of liver mass\[[@B77]\].

The role of NPCs (Kupffer cells, endothelial cells) in liver regeneration after ALPPS is not elucidated. The majority of studies agree that its role is supportive rather than fundamental in terms of maintaining a cytokine-rich liver microenvironment (INF-γ, IL-6) that induces local inflammatory response to ALPPS. In different setting, Tanaka et al\[[@B78]\] found an increased number of Kupffer cells infiltration following PVE + PHx compared with PHx only group following endotoxin challenge in rats. Literature stands also equivocal towards VEGF, but it seems that throughout this regenerative process, not extensive angiogenesis takes place. All in all, liver parenchymal cells, as well as resident NPCs and infiltrated inflammatory cells seem to play crucial roles in the ALPPS-induced liver hypertrophy.

ALPPS represents a real breakthrough in the history of liver surgery because it offers rapid liver regeneration potential that facilitate resection of liver tumors that were previously though unresectable. The jury is still out though in terms of safety, efficacy and oncological outcomes. Liver regeneration after ALPPS is a combination of portal flow changes and parenchymal transection that generate a systematic response inducing hepatocyte proliferation and remodeling. Further research on the field should focus on the role of NPCs in liver regeneration as well as on the effect of ALPPS in liver regeneration in the setup of parenchymal liver disease.

COMMENTS
========

Background
----------

Associating liver partition and portal vein ligation for stage hepatectomy (ALPPS) has been recently advocated to induce rapid future liver remnant hypertrophy that significantly shortens the time for the second stage hepatectomy

Research frontiers
------------------

Liver regeneration after ALPPS is a combination of portal flow changes and parenchymal transection that generate a systematic response inducing hepatocyte proliferation and remodeling. To date, no data are questions are risen about the safety, efficacy and oncological outcomes of ALPPS. In terms of liver regeneration, further research on the field should focus on the role of non-parenchymal cells in liver regeneration as well as on the effect of ALPPS in liver regeneration in the setup of parenchymal liver disease.

Innovations and breakthroughs
-----------------------------

This is-the first to the authors knowledge-systematic review about the mechanisms of liver regeneration after ALPPS.

Applications
------------

This article highlights the potential mechanisms of regeneration in the ALPPS models (clinical and experimental) that could unlock the myth behind the extraordinary capability of the liver for regeneration, which would help in designing new therapeutic options for the regenerative drive in difficult setup, such as chronic liver diseases.

Terminology
-----------

ALPPS operation is divided in two steps. The first consists of exploratory laparotomy, assessment of resectability with intraoperative ultrasound and positioning the tumor in relation with vessels. The liver is mobilized by dissecting the ligaments. The right liver lobe is completely mobilized from the cava vein. After the right portal vein branch is identified, it is divided. Right hepatic artery and right hepatic duct are identified and also kept. Finally, total parenchymal dissection at the right of the falciform ligament is performed. After in situ splitting, the right lobe is covered by a biomaterial and the abdomen is drained and closed. The second step of the procedure is completed by re-laparotomy. The right hepatic artery, right hepatic duct and the right hepatic vein are ligated. The liver resection is completed. The left lateral lobe is then fixed to the remnant falciform ligament.

Peer-review
-----------

The manuscript provides a wide vision of liver regeneration in the context of different therapeutic interventions combining results from experimental models and from the clinical management of patients suffering from parenchymal liver disorders. All issues discussed are relevant, provide molecular mechanisms that might well explain the clinical observations and leave still open questions that will surely foster future investigation avenues.
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